The Koshi river basin sustains the livelihoods of millions of people in the upstream and downstream areas of the basin. People rely on monsoon rainfall for agricultural production, hydropower generation and other livelihood activities. Climate change is expected to have serious implication on its environment. To reduce the adverse impacts of disasters and to better understand the implication of climate change for the sustainable development, initiative in this regard is necessary. Analysis of past meteorological trends and future climate projections can give us a sense of what to expect and how to prepare ourselves and manage available resources. In this paper, we have used a high-resolution climate model, viz., Providing REgional Climates for Impacts Studies (PRECIS), to project future climate scenario over the Koshi river basin for impact assessment. Three outputs of the Quantifying Uncertainties in Model Prediction (QUMP) simulations have been used to project the future climate. These simulations were selected from the 17-member Perturbed Physics Ensemble (PPE) using Hadley Centre Couple Model (HadCM3) based on the IPCC SRES A1B emission scenario. The future projections are analysed for three time slices 2011-2040 (near future), 2041-2070 (middle of the century) and 2071-2098 (distant future). Despite quantitative wet and cold bias, the model was able to resolve the seasonal pattern reasonably well. The model projects a decrease in rainfall in the near future and a progressive increase towards the end of the century. The projected change in rainfall is non-uniform, with increase over the southern plains and the middle mountains and decrease over the trans-Himalayan region. Simulation suggests that rainy days will be less frequent but more intense over the southern plains towards the How to cite this paper: Rajbhandari, R., Shrestha, A.B., Nepal, S. and Wahid, S. (2018 
Introduction
The Himalayan region is highly influenced by monsoon rainfall. About 80% of the annual total rainfall occurs during the monsoon season (June-September) in the eastern parts of the Himalayas [1] , but the role of monsoon decreases as it proceeds west and the influence of westerly winter disturbances becomes more prominent. Over western Himalaya, the contribution of winter precipitation is as much as 50% of the total [2] . Large populations across this region rely heavily on monsoon rainfall for their agricultural production, hydro-electricity generation and other livelihood activities [3] . In the global level, the increased emissions of greenhouse gases and short-lived climate pollutants (SLCP) are modifying short-term and seasonal climate variability [4] . Such changes can have profound impact on sectors like agriculture, water resources and human health in the Himalayan region [5] [6] . Variability of future climate is a matter of great concern for resources management and planning [7] [3] . Understanding the nature of climate change has thus become essential. Many climate modelling groups have performed future climate simulations under IPCC's different emission scenarios [8] . The major sources of water in the Hindu Kush Himalaya (HKH)-snow and ice reserves are considered vulnerable to climate change [9] [10]. These models indicate that future rainfall and temperature is likely to change but the magnitude of these changes will be different in various ecological regimes. In the case of the Himalayas, too, the impact is likely to be different across the region given the sharp altitudinal difference across the mountains extending from east to west. As a result of the differences in precipitation climatology, the hydrological regime of the region is also quite different from east to west. Eastern Himalaya has significantly longer snow melt period compared to western Himalaya and global warming may increase already observed glacier retreat [11] . Eastern river basin-Brahmaputra-is heavily influenced by the summer monsoon whereas western river basin-Indus-relies on melting of snow and glaciers [12] [5] .
There is scant available literature on the Himalayan region that uses climate change scenarios based on high-resolution climate models [13] some previous studies on climate change scenarios include [14] [15] [16] [17] were developed over the sub-continental domain. For impact assessment, particularly in the water sector, scenarios developed over river basins have been found to be useful R. Rajbhandari Nepal and 22% in India [20] . Physiographic distribution based on altitude and major river system is shown in Figure 1 . The basin is particularly prone to natural hazards such as glacial lake outburst floods (GLOF), landslide and debris flow, droughts and floods [21] . Neupane et al. [22] have suggested that climate change is likely to lead to an increase in water scarcity in the basin, which will ultimately influence the agro-based livelihoods of the basin. The temperature analysis by Agarwal et al. [23] suggested that seasonal as well as mean annual minimum and maximum temperature will increase in the future. The maximum temperature was reported to be increasing at the rate of 0.058˚C/year in the Nepal part of the Koshi basin [23] . The precipitation trend is spatially less homogenous compared to temperature [24] . To better understand the future Figure 1 . Koshi basin location map with three physiographic zones (trans-Himalaya, middle mountains and southern plain) and major river system. 
Data
Complex climate regimes and geographical features in the region poses a considerable difficulty in simulating observed climate scenarios. Panday et al [13] suggests that high resolution dynamical downscaling requires techniques that improves better representation of topography to simulate monsoon and other hydrological process in the region.
As Kripalani et al. [34] have noted, only a few GCMs (out of 22) effectively captured the spatial variability of the Indian summer monsoon. Among these models, HadCM3 (along with six other models) has simulated the inter-annual summer monsoon mean and variability well. The three QUMP simulations namely, Q0, Q1 and Q14 were able to simulate gross features of the Indian summer monsoon. These three output have been validated for their skill in simulating the present climate over India [35] . Further, outputs have been used to project the future climate over India [15] , Himalayan region [17] and Indus basin [18] . In this paper, the outputs of these three simulations were used to project the changes in future climate from the base period the Princeton data is of coarse resolution so for the present study, we have used daily temperature range from this dataset and applied it to APHRODITE's mean daily temperature to build maximum and minimum temperatures of 0.25˚ resolution.
Results and Discussion

Precipitation
To evaluate the model in representing the regional climatological features, summer monsoon (June-September) rainfall characteristics have been studied. Table 1 provides seasonal rainfall statistics for the three simulations for the baseline period ) over the whole basin, the trans-Himalayan part, the middle mountain area and the southern plains. The rainfall statistics are computed from area averaged daily rainfall and temperature over transboundary Koshi basin and its three sub-divisions. Rainfall simulations for the whole basin compared with observed (APHRODITE) resulted in a substantial wet bias over [18] . A PRECIS simulation output study over India showed Q0 and Q14 simulations to have a wet bias and Q1 a dry bias [15] , whereas other similar studies over India showed a wet bias [14] .
Monthly precipitation distribution for the whole basin and its breakdown into the three physiographic zones is provided in Figure 2 . The model captures the monthly accumulation pattern. For July and August, the model results and the observed data were quite close, but for the rest of year, the model overestimated the observed total. Over the middle mountains and the southern plains, the observed data exceeded the model total for July and August, and for the remaining months, the model totals were higher.
Rainfall distribution for the monsoon season (June-September) is provided in 
Rainfall Frequency and Intensity
A day with rainfall greater than or equal to 1.0 mm is considered a rainy day.
Rainfall frequency is higher over the middle mountain areas and progressively decreases from north to south (Figure 4) . The PRECIS simulations overestimated the number of rainy days but the distribution pattern is similar. 
Temperature
Seasonal and annual temperature (˚C) and its standard deviation is provided in Table 2 for the whole basin and the different physiographic zones viz., southern plains, middle mountains and trans-Himalaya. The annual cycle of mean monthly temperature is shown in Figure 6 . The annual march of temperature is 
Highest Maximum and Lowest Minimum Temperatures
Baseline simulations of the extreme maximum and minimum temperatures are shown in Figure 9 and Figure 10 Their results are discussed below.
Projected Change in Normal Rainfall
Projected changes in summer rainfall for the whole basin and the three physio- 
Rainfall Frequency and Intensity
Projections of future changes in rainfall frequency or the number of rainy days and simple daily rainfall intensity (mm/day) are shown in Figure 14 and Figure   15 respectively. Except for a small area over the eastern part of the middle On the other hand, a slight increase (up to 2 mm/day) in rainfall intensity is projected over the southern plains, while a decrease over northern area (middle mountains and trans-Himalayan area) is projected for the near future, as shown in Figure 15 . But towards the end of the century, with the exception of a small area over the middle mountains and trans-Himalayan border, rainfall intensity is projected to increase by about 2 mm/day compared to the baseline, indicating some increase in high intensity rainfall in the future.
Projected Changes in Temperature
Simulations of surface air temperature show progressive rise in both the maximum and minimum temperatures through the given time slices. Table 3 
Extreme Temperature
Three simulation results indicate that daily extreme temperature may intensify in the future. The spatial pattern of the changes in the highest maximum temperature suggests warming of 1˚C -2˚C (Figure 18 ) in the 2011-2040 period, 
Conclusions
Presented below is the assessment of expected future changes in rainfall and temperature over the Koshi basin under the IPCC's SRES A1B global warming scenario based on the PRECIS model.
• The PRECIS model showed ability to simulate climate scenario for both seasonal rainfall and temperature reasonably well but there were quantitative biases. There was an overestimation of rainfall for both summer and winter seasons and a cold bias for temperature.
• Rainfall is expected to decrease in the near future (2011-2040) and then progressively increase towards the end of the 21 st century.
• Over the southern plains, summer monsoon is expected to increase from the base period towards the end of the 21 st century.
• Over the trans-Himalayan area, summer monsoon rainfall is projected to decrease.
• The projected change in the number of rainy days differs among the ensemble; however, in future, the number of rainy days may decrease and there may be increase in rainfall intensity over the southern plains.
• Progressive increase in maximum and minimum temperatures is projected for the future. All three simulations indicated a significant rise in temperature (between 4˚C -6˚C) throughout the basin.
• Analysis of extreme temperature indicates that daily maximum temperature may be more intense in the future.
The above assessment is indicative of the range of expected changes in rainfall and temperature from the PRECIS baseline. It is important to note that projections contain significant uncertainties. The study was limited as it was based on a few simulations from a single high-resolution regional climate model.
